Introduction
Neutron diffraction (ND) is an extremely valuable tool for the investigation of magnetic materials, because of its ability to directly observe periodic magnetic structures, determine magnetic moment directions and magnitudes, to observe light elements (H, C, N, O, F etc.) that are otherwise difficult to locate from x-ray diffraction due to the strong scattering of heavy elements, or to distinguish nearby elements in the periodic chart. Neutron diffraction has proven to be a very useful technique in the study of the magnetic oxides such as perovskites and transition metal oxides.
The perovskite-type ABO 3 (A=La, Sr, B=Fe, Co, Ni, Cu, Mn, Ti) perovskites has attracted much attention due to their mixed electronic and oxygen ion conductivity, which shows potential to serve as oxygen separation membranes, oxygen sensors, and solid oxide fuel cell (SOFC), which results from the large number of oxygen vacancies (Kamata et al, 1978 , Mizusaki et al., 1991 , Kuo et al, 1989 .) It is recognized that the physical properties of ABO 3 are largely dependent on the oxygen deficiency (Goodenough, 1955 , Srilomsak et al., 1989 . The mixed conductivity can be enhanced through the substitution of La 3+ by Sr 2+ at A sites, and the substitution of Fe 3+ by other transition metal ions at B sites. The charge imbalance and overall charge neutrality can be maintained by the presence of charged oxygen vacancies and mixed valence state ions at the B sites. These point defects are the origin of the mixed electronic and oxygen ion conductivity.
exchange. If the oxygen activities at the two sides of the perovskite are different, the oxygen ions can be transported from the high oxygen activity side to the low one. Therefore perovskites can be used as oxygen separation membranes or electrodes of SOFCs.
Strontium-doped lanthanum manganate is most commonly used as the cathode of SOFCs operated at high temperature. LaMnO 3 is a p-type perovskite. At high temperature, it can have oxygen excess, stoichiometry, or oxygen deficiency, depending on the oxygen partial pressure. ( Kamata et al, 1978 , Mizusaki et al., 1991 , Kuo et al, 1989 For example, at 1200C, the oxygen content of LaMnO 3 ranges from 3.079 to 2.947 under oxygen partial pressures of 1 to 10 -11 atmosphere pressure. (Kamata et al, 1978) In addition to oxygen nonstoichiometry, LaMnO 3 can also have La deficiency or excess. LaMnO 3 with La excess may contain La 2 O 3 as a second phase, and therefore LaMnO 3 with La deficiency is recommended for use in SOFCs.
In recent years, work has focused on SOFCs that can operate at an intermediate temperature (IT) range (600-800C). In this temperature range, the metal alloy, such as stainless steel, which is cheap and easily fabricated, can be used as the interconnect, and the reliability of SOFCs is thus improved. In order for a SOFC to be operated in the IT range, the electrode kinetics have to be at least as fast as those occurring at high temperature. LSM, the current cathode material, is not suitable for use below 800C due to its very low oxygen vacancy concentration. Therefore, research has to be done to find new material for use as the cathode of SOFCs operating in the IT range. In general, most cathodes have relied on the B-site cation, and doping on both A-sites and B-sites to improve electrical conductivity and catalytic performance. One approach to finding a new cathode material is to replace the Mn by other transition metals, such as Fe, Co, and Ni etc.
The strontium-doped lanthanum ferrite La 1-x Sr x FeO 3- (LSFO) has been intensively studied since it has good mixed conductivity at high temperature, and, thus, can be used as an oxygen membrane and is a candidate for the cathode of the SOFC. Undoped LaFeO 3 has a low electrical conductivity and oxygen vacancy concentration, but the electrical conductivity and oxygen vacancy concentration are increased by the substitution of La by Sr. M. V. Patrakeev et al., 2003 studied the electron / hole and ion transport in LSFO in the oxygen partial pressure range of 10 -19 -0.5 atm and temperatures between 750-950C, and found that the electronic and ionic conductivity increase with Sr content and attain maximal values at x=0.5. The conductivity can be explained by electron hopping between Fe 3+ and Fe 4+ in the high P O2 range and between Fe 3+ and the Fe 2+ in the low P O2 range. The LSFO material is stable when the P O2 >10 -16 atm at 950C; oxygen vacancies will appear at 600-800C in air. LSFO has shown excellent cathode performance at 750C (Sun et al., 2005) .
It is important to measure the oxygen vacancy concentration in LSFO. It is well known that neutron powder diffraction coupled with Rietveld refinement(Rodriguez-Carvajal 1998) can be used to determine the oxygen vacancy concentration in many oxides, since the sensitivity of neutron scattering to oxygen is comparable to other atoms. However, the precision of such a determination is unknown, especially at low vacancy content. In addition, neutron diffraction is a very sensitive direct probe of the magnetic moment, and LSFO exhibits magnetic ordering. If the magnetic moment of Fe is sensitive to the oxygen vacancy concentration, it can be used as an indirect probe of the oxygen vacancy concentration. To understand the physical properties of La 0.6 Sr 0.4 FeO 3- and its behavior in SOFC and to be able to optimize its behavior, it is important to have a good knowledge of the defect chemistry of La 0.6 Sr 0.4 FeO 3. In the present paper, samples of La 0.6 Sr 0.4 FeO 3 with different amounts of oxygen vacancies were prepared by heating the samples in N 2 , O 2 , and CO/CO 2 mixtures. The effect of oxygen vacancies on the structural, magnetic and electronic properties was determined using neutron diffraction, magnetic measurements and Mössbauer spectra. It was found that magnetic ordering, charge disproportionation and charge ordering in these compounds shows strong dependence on the oxygen vacancies. The oxygen vacancies will changes the Fe valence states, the unit cell volume and the Fe-O-Fe bond angle. These dramatically affect the Fe-O-Fe superexchange coupling. Therefore by creating oxygen vacancies or having excess oxygen, the exchange interaction of Fe-O and the valence state of Fe ions are affected, and lead to large changes in the magnetic and transport properties, such as the magnetic ordering temperature, the magnetic moments, the hyperfine interactions and electric conductivity in the pervoskite structure.
Experimental methods
The liquid-mixing method (Eror et al., 1986 ) was used to synthesize fine LSFO powder. An aqueous solution of Fe nitrate was first prepared and thermogravimetrically standardized. The lanthanum carbonate, and strontium carbonate were added to form a clear solution. Citric acid and ethylene glycol were added to the nitrate solution and then heated slowly to form a polymeric precursor, which was heated to 250ºC to form an amorphous resin. This resin was calcined at 800ºC for 8 hours. The powders were pressed at 207 MPa to form a dense bar. The bar was sintered at 1000-1200°C for 24 h under different environments( air, N 2 , O 2 or CO/CO 2 ), followed by quenching to room temperature. We assume the oxygen nonstoichiometry of the quenched samples i s t h e s a m e a s b e f o r e q u e n c h i n g . T h e magnetization curves of the samples were measured using a superconducting quantum interference device SQUID magnetometer in a field of up to 6 T from 1.5 K to 800 K. A magnetic field of 50 Oe was used for the field cooling(FC) and zero field cooling(ZFC) process. The crystal phase was identified by x-ray diffraction analysis using Cu Kα radiation. The powder neutron diffraction experiments were performed at the University of MissouriColumbia research reactor using neutrons of wavelength 1.4875 Å. The data for each sample were collected over 24h In order to study the oxygen stoichiometry change in air at high temperature, in-situ neutron diffraction studies were carried out at high temperature (up to 800C) for the samples unquenched and quenched at 1500C in air. The Rietveld method was used to refine the data by using the FULLPROF code (Rodriguez-Carvajal 2000) , in which the magnetic ordering was modeled by a separate phase. Figure 1 shows the typical ND patterns of La 0.6 Sr 0.4 FeO 3 powders at different heat treatment conditions. Similar patterns are observed for all samples, showing them to be single phase. The symmetry of the samples remains rhombohedral (space group R¯3c) throughout the series. A cubic structure (space group Pm¯3m) was also proposed for these compounds, but it was found that the data could be better fitted in a hexagonal structure (space group R¯3c) as confirmed by the following neutron diffraction data refinement. The model is a rhombohedral structure with space group R 3 c. the basic cubic perovskite cell. In this model, the large cations La 3+ /Sr 2+ occupy the 6a sites, the small cations Fe 3+ /Fe 4+ occupy the 6b sites, and the oxygen ions occupy the 18e sites. The magnetic structure is modeled as having antiferromagnetic ordering with the moments in the hexagonal plane, which reverse between the positions (0, 0, 0) and (0, 0, ½). The magnetic model has the symmetry R 3 , and the magnetic moments on the two sites are constrained to be equal. It is difficult to use XRD patterns to determine the structural distortion, and the oxygen vacancy concentration. Accordingly, neutron diffraction was employed to distinguish the differences between the structures of the samples, and to determine the oxygen vacancy concentration. (Yang et al., 2002) As evidenced from this figure, all samples crystallize in the rhombohedral structure with space group R-3c. The lattice parameters and bond angle are shown in Fig. 2 (a) and (b). It can be seen that the unit cell volume increases when the La 0.6 Sr 0.4 FeO 3 is quenching in the CO/CO 2 atmosphere. The unit cell volume of three CO/CO 2 -reduced samples are larger by about 5Å 3 than those of the O 2 -and N 2 -quenched samples. The ratio of the lattice parameters a/c changes from 0.4113 for the O 2 -quenched sample to 0.40840 for the reduced samples, which decreases the distortion from cubicity. This change affects the peak positions and the sharpness of the diffraction peaks. The diffraction peak splitting for the CO/CO 2 treated samples is dramatically reduced compared to the O 2 -treated samples. The first diffraction peak is much stronger in the reduced samples than in the O 2 -quenched samples.
Results and discussion

The effect of heat treatment under different gas environments
This peak proves to be purely magnetic and the change reflects a large increase in magnetic moments for the CO/CO 2 -reduced samples. An antiferromagnetic structure has been confirmed for all samples. Fe atoms at (0,0,0) couple antiferromagnetically with those at (0,0,1/2) along the c-axis. The Fe atoms show a magnetic moment 3.8 B in the CO/CO 2 -treated La 0.6 Sr 0.4 FeO 3 as compared to 1.2 B in the O 2 -treated samples at 290 K. The extent of oxygen vacancy in these compounds has been obtained by refinements of neutron diffraction data. The O 2 -, and N 2 -quenched samples show similar patterns, and there are less than 1% vacancies on the oxygen sites. The oxygen vacancy concentration is around 7-10% for the samples quenched in the CO/CO 2 mixtures. It is noticed that these values are about 2% less than those measured from the iodometric method. This difference might cause from the systematic errors of the two techniques. The typical neutron patterns of the samples (N 2 , O 2 , and 50%CO/50%CO 2 ) at 290 K were collected( data not shown here). The N 2 -treated sample shows a rhombohedral structure and are refined in the space group R 3 c. The diffraction peak half width for the CO/CO2 treated samples is dramatically reduced compared to the N 2 -treated samples which is similar to the XRD patterns. The rhombohedral splitting of the peaks is not too obvious for the CO/CO 2 -treated samples. Thus, we have used both a cubic cell space group Pm 3 m and a rhombohedral cell, space group R 3 c to refine the structure. The rhombohedral structure gives much better refinement results. For example, χ 2 is 7.56 for the refinement using space group R 3 c and 15.8 for space group Pm 3 m for the N 2 -treated sample. Therefore, all samples have been refined with a rhombohedral cell space group R 3 c). The first diffraction peak [101] at about 19°) is much stronger in the reduced samples than in the air-, N 2 -, and O 2 -quenched samples. This peak proves to be purely magnetic and the change reflects a large increase in magnetic moments for the CO/CO 2 -reduced samples. The air-, O 2 -, and N 2 -quenched samples show similar patterns, and there is less than 1%. The 57 Fe Mössbauer spectra of La 0.6 Sr 0. 4FeO 3- treated in N 2 measured at different temperatures are shown in Fig.  3 (a) . The hyperfine parameters are listed in Table. I. The Mössbauer spectroscopy of N 2 at room temperature shows a paramagnetic behavior. Two singlets were used in the fitting for the spectrum. The isomer shifts are 0.26mm/s and 0.18mm/s, which are exactly what would be expected for the Fe 3+ and Fe 4+ ions. The ratio of Fe 3+ /Fe 4+ is 63.9/36.1, corresponding to an oxygen vacancy, =0.023. At 130 K and 20 K, the spectra are comprised of three superimposed magnetic hyperfine patterns. (Takano et al., 1997) . Here it was assumed that the two subspectra with the larger hyperfine fields correspond to the Fe 3+ ions, while the one with the lowest hyperfine field (~26T) corresponds to Fe 5+ ions, which was used by Dann et al, 1994 .
Similar spectra were observed for O 2 -quenched samples as shown in Fig. 3(b) . At room temperature the rhombohedral relaxation of the hyperfine fields appears and therefore a Voigt peak-shaped sextet and a singlet were used in the fitting to account for the Fe 3+ and Fe 4+ ions. At low temperature, the charge disportortionation also takes place. The oxygen deficiency obtained from the relative areas of the Mössbauer spectra of the Fe 3+ and Fe 4+ ions in O 2 -treated sample is nearly zero, which agrees well with the neutron diffraction measurements. The Mössbauer spectra of the CO/CO 2 -quenched samples are shown in results in a large hyperfine field and a large magnetic moment. The average quadrupole splitting of the CO/CO 2 -quenched samples is smaller than that of the non-reduced sample, which indicates a decrease in the distortion from the cubic structure. This is consistent with the neutron diffraction data, which show a decrease of the distortion from cubic. It is found that the CO/CO 2 -treated samples have the same a/c ratio (0.40855) as those (a/c=0.40850) of La 1-x Sr x FeO 3- (x=0.6 and 0.7), which is, near the boundary between the rhombohedral and cubic structures (Dann et al., 1994) . The spectra measured under a magnetic field of 5 T at 130K were also included in Figs. 3-5. As compared with the spectra at 130 K without the magnetic field, it is found that the intensities of the first and sixth line decrease. This indicates that there might be a canted magnetic moment in the magnetic sublattice, which implies that the antiferromagnetic structure is not perfect. Figure 6 shows the typical ND patterns of La 0.6 Sr 0.4 FeO 3 powders quenched at different temperatures in the air. The first peak at low angle is a pure magnetic peak; its intensity increases with the quenching temperature, and some of the split peaks merge into one peak when the quench temperature is high. Figure 7 shows the change of lattice parameters a * and c * with the quenching temperature, in which a * represents /2 a and c * represents /2 3 c . The symmetry of L6SF quenched to room temperature from 700 to 1100C remains rhombohedral, but the rhombohedral distortion becomes small when the quenching temperature is high. When the quenching temperature T1200C, the unit cell appears to be cubic. The presence of oxygen vacancies can relax the strain in the structure and reduce the distortion.
The effect of quenching temperatures
According to the direct refinement, the oxygen vacancy concentration increases from almost zero for the unquenched sample to about 0.2 for the 1500C quenched sample. The statistical uncertainty shows that the direct refinement is reliable only when the oxygen vacancy concentration is high.
The unit cell volume increases as the quenching temperature increases by a total of 3.8Å 3 from the unquenched sample to the 1500C quenched sample. The statistical uncertainty in the unit cell volume is about 0.04Å 3 . It shows that, the unit cell volume can be a good metric for the determination of vacancy concentration. However, the unit cell volumes are relative due to the uncertainty in wavelength and sample position. Thus, the volumes of a series of samples can easily be compared, but the unit cell volume of a single specimen cannot be used to estimate its oxygen vacancy concentration. The small downturn in volume at the 1500C quenched samples appears to be an artifact, since the data on the samples treated in different reducing atmospheres with vacancy concentration up to 9.6% show a continued increase in volume.
The unit cell expansion associated with the formation of oxygen vacancies can be explained by: a): The repulsive force arising between those mutually exposed cations when oxygen ions are absent in the lattice. b): The increase in cation size due to the reduction of Fe ions from a high valence state to a lower valence state, which must occur concurrently with the formation of oxygen vacancies in order to maintain electrical neutrality. The magnetic moment on the Fe sites at room temperature was found to increase from1.31 B for the untreated sample to 3.44 B for the sample quenched from 1500C. The statistical uncertainty in the magnetic moment is less than 2.3% of the total moment, significantly less than the uncertainty in the vacancy concentration directly determined by the crystallographic refinement. The small increase in moment between the untreated and 700C quenched samples probably reflects the production of a small oxygen vacancy concentration, outside the limit of the direct determination. Fig . 10 shows the saturation moments, determined from the neutron powder diffraction measurement at 10K, as a function of oxygen deficiency. The saturation moment is linear with vacancy concentration, the highest deficiency, =0.2, corresponds to a nearly pure Fe 3+ state, and its magnetic moment is about 3.8 B , which is equal to the magnetic moment of Fe 3+ in LaFeO 3 . The moment when =0 is about 2.33 B , and this value is about 60% of the magnetic moment of Fe 3+ . This shows the magnetic moments at Fe sites are contributed by Fe 3+ , and that the moment of Fe 4+ is almost zero. For the ferrites with high La (50% or more) in an oxidizing environment, it is reasonable to assume that the Fe atoms are in the 3+ and 4+ charge states. The great difference between the saturation moments of the two Fe ions provide a direct determination of the ratio of the two ions and, thus, of the oxygen stoichiometry.
The magnetization as a function of temperature follows the Brillouin curve: saturated at low temperature and decreasing slowly up to about 70% of T N and more rapidly as T N is approached. Thus, according the ratio of the magnetic moment at room temperature to the moment at low temperature ( There are a lot of advantages in using the magnetic moment as a measure of vacancy concentration in La 0.6 Sr 0.4 FeO 3 . First, the saturation moment gives an absolute determination without establishing the room temperature curves, while the room temperature moment may be quickly and reliably determined if the correlations have been established. The uncertainty in magnetic moment is 2% at low vacancy concentration, decreasing to less than 1% when the moment is large, thus, the vacancy concentration should be known, by this indirect determination, to a precision of 1% or 2% over the range of interest. Second, the magnetic moment is not affected by the sample position and the model used for the refinement. Third, it is necessary to collect full data sets in order to accurately refine the vacancy concentration, while it is possible to extract the magnetic moment with the low angle range data only, and such data may be collected in as little as 1 hour. Of course, at very high vacancy concentration (>0.2), Fe 2+ is expected to appear, with a smaller moment than Fe 3+ , the average moment at Fe sites will become small as  increases, and the linear relationship between the saturation moment and the oxygen vacancy will break down. At those concentrations, however, the direct determination of oxygen vacancy concentration by crystallographic refinement will become more precise.
On the other hand, collection of a full data set allows us to extract all the three determinations: volume, oxygen occupancy, and magnetic moment. These three determinations are essentially independent. The unit cell volume is based only on peak positions and not peak intensities, and uses the full data set. The oxygen occupancies affect the intensities at all angles and especially uses the high angle data, while the magnetic moment is based primarily on the intensities of magnetic peaks at low angle. Thus use of neutron diffraction provides redundancy and cross checks on the oxygen vacancy determination. There is no charge disproportionation throughout the entire temperature range. The change of the valence state in the CO/CO 2 -heat treatment increases magnetic moments and the hyperfine fields of the Fe atoms in these compounds. It is found that the antiferromagnetic structure exhibits a small ferromagnetic component, which causes from canted magnetic sublattices La 0.6 Sr 0.4 FeO 3 spacimens quenched from 700-1500C exhibit antiferromagnetic ordering at room temperature, the unit cell volume and the oxygen vacancy concentrations increase with increasing quenching temperature. The magnetic ordering is dominated by the Fe 3+ -O 2--Fe 3+ interactions, and the Fe 3+ concentration increases with increasing oxygen vacancy . Thus, the magnetic moment and the Neel temperature increase with increasing oxygen vacancy. The saturation moment, determined by neutron diffraction at 10K, is linear with the oxygen vacancy (). At high temperature with air flowing, L6SF will absorb oxygen at 303C-655C and then lose oxygen when temperature is above 655C. The presence of oxygen vacancies increases the thermal expansion coefficient.
Conclusion
Neutron diffraction measurement coupled with refinement by the Rietveld method appears to be a reliable, redundant method for determining the oxygen vacancy in L6SF. The unit cell volume, the oxygen occupation, and the magnetic moment can be used to determine the oxygen vacancy. The unit cell volume can be affected by the sample position, but the magnetic moment at room temperature can provide the data more accurately than the other two parameters. The saturation moment ( 10K ) is an even more powerful tool which can be used to determine the vacancy concentration.
